We study whether a direct measurement of the absolute temperature of a Magnetic Tunnel Junction (MTJ) can be performed using the high frequency electrical noise that it delivers under a finite voltage bias. Our method includes quasi-static hysteresis loop measurements of the MTJ, together with the field-dependence of its spin wave noise spectra. We rely on an analytical modeling of the spectra by assuming independent fluctuations of the different sub-systems of the tunnel junction that are described as macrospin fluctuators. We illustrate our method on perpendicularly magnetized MgO-based MTJs patterned in 50 × 100 nm 2 nanopillars. We apply hard axis (in-plane) fields to let the magnetic thermal fluctuations yield finite conductance fluctuations of the MTJ. Instead of the free layer fluctuations that are observed to be affected by both spin-torque and temperature, we use the magnetization fluctuations of the sole reference layers. Their much stronger anisotropy and their much heavier damping render them essentially immune to spin-torque. We illustrate our method by determining current-induced heating of the perpendicularly magnetized tunnel junction at voltages similar to those used in spin-torque memory applications. The absolute temperature can be deduced with a precision of ±60 K and we can exclude any substantial heating at the spin-torque switching voltage.
I. INTRODUCTION
A strong research effort is currently done within the spintronics community to obtain ever improved magnetic properties 1, 2 for optimal utilization in integrated devices like sensors and memories 3 which often rely on Magnetic Tunnel Junctions (MTJ). Often overlooked, the evolution of the magnetic properties with temperature is crucial for achieving high performance MTJ. Indeed, most of the basic properties of an MTJ are temperature dependent 4 like the saturation magnetization M S , the anisotropy field H k and the spin-polarization of the ferromagnetic electrodes and thus the spin-polarized transport properties. Besides, thermal fluctuations also impact the stability of the information in memory devices like spin-torque magnetic random access memories (STT-MRAM). The reliability -and consequently the energy cost-of magnetization switching is also affected by temperature-induced fluctuations 5 . Furthermore, any rise of the temperature can accelerate the material fatigue of the MTJ: this is not only by enhancing the rate of interdiffusion of the materials constituting the MTJ but also by favoring thermally assisted dielectric breakdowns of the oxide barriers. Measuring the temperature of an MTJ in which a current is passing is thus of fundamental importance.
Several methods have been proposed to measure the temperature of MTJs during operation. The measurement of the exchange bias field supplied by the antiferromagnetic layer of an MTJ is one of these methods. Unfortunately it cannot be applied to state-of-the-art perpendicularly magnetized MTJs which are most often not exchanged biased 4, [6] [7] [8] . The other methods to determine the MTJ temperature are indirect: they include the statistical study of the distributions of coercive fields H C 9 or switching currents I C 10 . These statistical methods are undermined by their questionable description of the switching phenomena and the influence of the temperature thereon. Advanced models like the numerical solving of the heat diffusion equation using finite element codes 11 have usually large uncertainties because they often rely on thermal conductivities that are loosely known at the nanoscale.
In this paper, we report a direct method to measure the absolute temperature of a tunnel junction under finite voltage. We illustrate the method on STT-MRAM cells biased with hard axis applied fields. We perform spin wave noise spectroscopy (SWNS) by spectrally analyzing the voltage noise that the MTJ delivers to an external circuit. The frequency of each spin wave mode has a specific field dependence that is used to assign each mode to a specific magnetic sub-system host within the MTJ. We select the main mode of the reference system of the MTJ; the population of this mode reflects the MTJ temperature that can be deduced using a transparent analytical model. The paper is organized as follows. The samples and their conventional properties are described in section II. The noise spectroscopy experiment is depicted in section III. The relation between the magnetization noise and the electrical noise is then modeled (IV) and discussed on the practical case of an STT-MRAM cell (V). We obtain a limited evolution of the device temperature for applied voltages below 700 mV and a gradual heating for higher applied voltages, till the junction reaches 420 ± 60 K for a bias U DC = 0.9 V) just before the dielectric breakdown that happens at 1 V. The P and AP states can be stabilized at higher voltages using large perpendicular fields. The black and red symbols illustrate this fact, and they were collected during the noise spectroscopy measurements (III).
II. HYSTERESIS AND QUASI-STATIC PROPERTIES
dicular to the sample plane at remanence. The static measurements consist of resistance versus field loops undertaken on the pillars. Typical minor and major hysteresis loops with easy axis fields are displayed in Fig. 1 Fig. 1(a) ]. A field higher than 1.45 T is required to switch also the hardest layer (HL) of the SAF [ Fig. 1(b) ]. When saturating the three layers, the next remanence is always in a high resistance (antiparallel) configuration. The tunnel magneto-resistance ratio reached up to 110 % at small bias voltage.
Resistance versus in-plane field (i.e. hard axis field) were also performed [ Fig. 1(c) ]. In such loops, the inflection of the slope indicates the saturation of the softest layer along the inplane direction at the effective anisotropy field value H eff,FL k of the FL. A saturation field µ 0 H eff,FL k of 500 ± 25 mT is found at low voltage, and this decreases in a parabolic manner at higher voltages.
The STT hysteresis loop in vanishing applied field is displayed in Fig. 1(d) . It exhibits the classical house shape, with a much pronounced I-V non linearity in the antiparallel (AP) high resistance state. The switching voltage is approximately 60% of the breakdown voltage value (1 V), which allows safe long experiments up to 0.9 V. We will see later that we need to know the dependence of the resistances R P and R AP of the P and AP states at voltages larger than the switching voltage; we thus have superimposed on the STT loop the voltage dependence of the R P and R AP by stabilizing these states using large applied fields.
III. SPIN WAVE NOISE SPECTROSCOPY

A. Principe and experimental procedures
The Spin Wave Noise Spectroscopy relies on TMR (Fig.  2) . Indeed, the conductance of the MTJ scales with the cosine between the directions of magnetizations on each side of the tunnel barrier, i.e. at the FL and the REF. Any fluctuation of one of these magnetizations induces a conductance fluctuation (i.e. electronic noise) which can be recorded. The precession angle of the magnetization is a direct measurement of thermal population of spin waves, which will be used to deduce the temperature of the spin wave bath. The first step is to detect the eigenmodes of precession. For this we have followed the experimental procedure detailed in 12 which consists in measuring the voltage noise that the MTJ delivers to a low noise broadband amplifier and then to spectrally analyze this noise for variable applied fields and applied voltages.We have applied the field in the in-plane direction (along the short axis of the MTJ) in order to break the circularity of the precession eigenmodes of PMA systems and consequently make these eigenmodes detectable by magnetoresistive techniques [ Fig. 2(b) ].
In past studies 12, 13 , SWNS was used to deduce the magnetic properties only, hence the mode frequency and linewidth were the sole informations that mattered. Conversely, our present temperature measurement requires the precise determination of the power that each spin wave population carries. The frequency-dependent gain of our measurement chain (RF cable assembly, bias tees and low noise amplifiers) was thus calibrated carefully by measuring its scattering matrix using a vector network analyzer and calibration-grade attenuators in the 200 MHz-50 GHz band. When connecting then the device with an RF probe, we measured the noise of the experimental set-up in the absence of the magnetically induced noise. This is done by not biasing the sample (i.e. keeping U DC = 0 across the junction). The noise spectrum so collected on the spectrum analyzer was checked to be consistent with a noise figure always better than NF=5 dB for the ensemble of the measurement chain plus the RF probe. The electrical noise related to magnetic fluctuations is then turned on by biasing the device with a constant voltage U DC = 0. After division by the gain of our measurement chain, we subtract the previously measured noise at U DC = 0 to isolate the magnetic-only noise as would be induced by the sole magnetization fluctuations. Note that because of this imperfect subtraction procedure, the unavoidable noise in the measurement of any noise power spectra can lead to slightly negative power densities at some frequencies in the displayed magnetic-only noise power densities [see Fig. 2(c) ]. This will be accounted for by the factor in the section IV D. The above procedure was repeated for variable applied fields and variable applied voltages. Fig. 2 (c) shows one example of spectrum obtained for a field of -1T.
B. Layers properties deduced from spin wave spectra
Free Layer properties
During SWNS experiments, at least two modes are always perceptible [ Fig. (3a) ]. By continuity criteria when varying H x and U DC we can distinguish them from the additional modes (not shown) revealed at high voltages. The frequency versus field curve of the lowest frequency mode has a W-like shape. This shape is typical of hard axis dispersion curves, and the apices of the W indicate the saturation of some magnetization along the field direction above a specific field value. This field value indicates that the W-shaped mode is the quasiuniform ferromagnetic resonance (FMR) mode of the free layer. After saturation of the FL magnetization along the inplane field H x , the dependence of its FMR angular frequency is essentially:
where γ 0 is the gyromagnetic ratio,
is the effective anisotropy field at which the FL saturates, and which takes into account the magnetocrystalline anisotropy field H k , the magnetization M S and the demagnetizing factors N y,z of the free layer. Our convention is H eff k > 0 for perpendicular anisotropy. Note that in respect of the essentially null value of the offset field of the FL loop, we consider the FL as not coupled with any other layer. Thus, the effective anisotropy field can be deduced from the fitting of Eq. (1) using measured values of ω FMR .
To assign each mode and to confirm the effective anisotropy field values, we also measured the value of resistance of the MTJ during SWNS experiments. As the saturations of the FL and REF layers occur at different fields, a sudden rise of the derivative of the MTJ resistance occurs at the saturation of the FL [see the arrows in Fig. 1(c) ] and can be used to check its effective anisotropy field. Fig. 3 (a) sums up the voltage dependence of the FL saturation fields as obtained using either Eq. 1 or using the inflection point in the resistance versus field loops [ Fig. 1(c) ] . The two techniques yield similar values. The lower accuracy of the resistance derivative technique is compensated by its operating capability in a wider U DC interval. In addition to a slight asymmetry, the FL saturation field decays above 0.5 V with a quadratic trend from a maximum of H eff, FL k = 550 ± 60 mT at 0.1 V to 300 ± 30 mT at -0.8V. The slight voltage asymmetry is probably a consequence of the spin-torque acting on the FL, while the quadratic decay can either be due to the sole current-induced heating or to its conjunction with STT. This intricacy of the consequences of STT and of current-induced heating makes it difficult to use the FL properties to deduced the sample temperature. Let us thus turn our attention to the reference layer.
Reference layer properties
The frequency versus field curve of the highest frequency mode has a V-like shape, which indicates that the maximum field (≈ 1.6 T) at which we detect this mode is not strong enough to saturate the magnetization of the layer hosting this mode. The mode high frequency and the large saturation field implies that the layer hosting this V-shaped mode has an anisotropy field much higher than the FL. However this V-shaped mode cannot be assigned to the magnetization precession in the sole HL for three reasons. (i) The high damping value of Pt-rich hard layer would yield much larger linewidth for this mode. (ii) From the minor and major loops, we saw that the saturation field of the HL is above 1.45 T, which implies a zero field FMR frequency above typically 40 GHz for the modes hosted by the HL while we measure only 18 GHz. (iii) Furthermore, as the SWNS technique relies on TMR, we are not directly sensitive to the HL because the HL is not in contact with the MgO tunnel barrier. We thus ascribe the V-shaped mode to the REF layer. Although the method reported in this paper does not require to know the exact properties of the HL and its coupling with the REF layer, we have used the frequency versus field dispersion curve to yield estimates of the properties of the REF and HL following standard methods ? . In the remainder of the paper, we shall see that it is sufficient to describe the REF layer with a large saturation field of H eff, REF k = 2 T. Also, as in practice only the saturation fields will matter for the temperature measurements, we will lighten our notation to H sat instead of H eff k . Finally we mention that in addition to the two main noise peaks that were assigned to FL and REF quasi-uniform precession mode, shoulder int he REF peak or a small separated peak are also detected at the largest bias voltages . The linewidth of this shoulder is comparable to that of the quasiuniform mode of the FL. We shall see here after that this arises most probably from non uniform spin waves within the FL.
IV. FROM ELECTRICAL NOISE TO DEVICE TEMPERATURE
Now that each mode was assigned to its hosting layer, let us model the amplitude of the corresponding fluctuations, first in the magnetization domain, then in the conductance domain. We start by writing the most simple form of the energy of the layer of interest in the macrospin approximation :
where θ is the angle between the magnetization and the z axis (see Fig. 2b ) and φ is the angle between the magnetization and (x) which is also the field direction. As usual M S is the magnetization, and H sat is the in-plane saturation field of the layer of interest. Note that we neglect the difference between the (x) and (y) directions that arises in principle from the non circular shape of the device and the associated demagnetizing contributions. This is justified by the fact that we shall use inplane fields that exceed the in-plane demagnetizing field by two orders of magnitude. The equilibrium is found by letting ∂E ∂θ = 0 and ∂E ∂φ = 0. This gives:
i. e. magnetization tilt when |H x | < H sat (see Fig. 4a)) A. Fluctuation of the magnetization orientation Let us estimate the standard deviation δθ of the magnetization tilt θ around its equilibrium position {θ 0 , φ 0 }. For this we expand the energy :
which is equivalent to:
for 0 < H x < H sat and,
for H x > H sat . A similar calculation with δφ leads to:
From our experimental data, we can estimate the fluctuation angles [ Fig. 4(c) Fig. 4(c)] . We will thus not analyze the fluctuations near these fields.
B. Thermal fluctuations of the conductance
Let us deduce the variation of conductance δG induced by δθ and δφ in the vicinity of {θ 
where G 0 ≈ 1.88×10 −4 S is the conductance when the two layers have orthogonal magnetizations and ∆G max ≈ 1.25 × 10 −4 S the tunnel magneto-conductance. We do the approximation that δθ and δφ are independent fluctuations, and write
After some algebra, we get that the conductance fluctuation is simply: 
Conductance noise induced by Free Layer fluctuations
For a start, we consider only one fluctuating moment (the Free Layer) in the presence of a static reference layer. We have to distinguish 3 field intervals [ Fig. 4(a) 
: where β FL = < |H x | both layers are fully saturated along x. In this case, the collinearity of the magnetizations prevents the FL fluctuations to translate into conductance fluctuations: the conductance is constant.
Conductance noise induced by Reference Layer fluctuations
In a similar manner, we can estimate the conductance noise induced by reference layer magnetization fluctuations δG 
Total conductance noise
We can finally calculate the standard deviation of conductance δG total = (δG FL fluctuating ) 2 + (δG REF fluctuating ) 2 . Equivalently, we can estimate the resistance fluctuations and notice that they increase with the temperature as Fig. 4(d) gathers the normalized conductance fluctuations expected for the junction on which we have done our measurements versus the in-plane field. Note that strictly no signal is expected at zero field (as observed experimentally, see inset in Fig. 3 ) and above the saturation of the reference layer. In addition the signal is expected to be maximal in the vicinity of the saturation of the Free Layer, also in line with our observations.
Optimal field condition
From the flatness of the conductance noise related to the REF layer (red curve in Fig. 4[d] ), one could think that any field in the single tilt configuration would be equally optimal hence adequate for the estimation of the REF magnetization noise. However in practice all fields within that interval do not yield similar sensitivities and are affected differently by various artefacts. The reason is the following. The noise divergence near the FL saturation induces gain compression of the measurement chain, which prevents faithful measurement near that field of 0.5 T or directly above. At fields higher than 1.5 T, the signal to noise ratio tends to degrade. Besides, the description of the REF magnetization using Eq. 2 has proven more accurate near the FL saturation field, because the sensitivity function [ Fig. 4(b) ] would remain close to unity even if substantial errors would be made on the properties of the REF system. For these reasons, we have thus found that the spectra recorded at fields of 1 and -1 Tesla were optimal, and we shall deduce the device temperature from these data sets.
At this stage, a word of caution is needed. At this specific fields of 1 and -1 T, the FL and REF modes frequencies are close but separated [see Fig. 2(c)] . However, the peaks corresponding to the FMR of the REF mode exhibit a shoulder on the high frequencies side [ Fig. 2(c) ]. In the small voltage interval where this shoulder is detected unambiguously, its frequency versus field dispersion curve (not shown) is parallel to that of the FL quasi-uniform FMR mode and they share similar linewidths; this argues for the shoulder to arise from a non uniform spin wave mode of the FL. In that case, the energy stored in this fluctuator should not be taken into account when evaluating the power stored in the REF uniform mode.
Although we believe that the shoulder does correspond to a FL non uniform mode, the voltage and field intervals on which we observe the shoulder is too narrow to draw a definitive conclusion. Therefore in the remainder of the paper, we will evaluate the two hypotheses. In Fig. 5 we will assume that the power contained in the shoulder belongs to the FL and should thus be discarded when analyzing the REF. Conversely in Fig. 6 , we will consider the less probable scenario that the power contained in the shoulder belongs to the REF and has to be counted for in the estimation of the REF layer fluctuation amplitude.
C. Thermodynamical estimation of temperature from the voltage noise
Let us now evaluate how the conductance fluctuations can be used to deduce the device temperature. In the experiments, the measured signal is the voltage noise delivered to the amplifiers of input impedance Z load ≈ 50 Ω. The voltage source is the electromotive force δR × I dc created by the resistance noise and the dc current, and passing though the internal resistance R MTJ of the MTJ. Considering that Z load << R MTJ , the standard deviation δV of the voltage noise delivered to the amplifiers can thus be written as:
The last notation implies that δV 2 ∝ T × V 2 dc , such that if the noise power increases faster than V 2 dc this will indicate that the sample is either heated by the current, or that its fluctuations are amplified by the spin-torque.
As seen by the asymmetry in Fig. 3(a) , the free layer is subject to a substantial STT affecting its fluctuations that in turn cannot be used to access the sample temperature. In contrast, the high volume and the high damping of the reference layer makes it essentially insensitive to spin torque, such that the amplitude of its fluctuation should be a reliable measurement of the thermal level. Fortunately, the fluctuations of FL and REF occur at very distinct frequencies (Fig. 3) so that we can integrate their corresponding signals separately. In practice, we will look at the voltage noise power normalized by the squared voltage, by defining the criterion Q MAG which also corrects for the voltage dependence of the magneto-resistance ratio ∆G max [ Fig. 1(d) ] :
where
is the spectral density of the total voltage noise delivered to the amplifier and the integration is carried on a given spin wave mode (REF or FL). Using eq. 12, 13 and 16 in case B) when only the FL is saturated (case B) we expect in the absence of spin-torque:
and
The above notation makes it clear that Q Fig. 5 and 6 ). Note that the proportionality is only true only provided that the magnetization orientations are not affected by the spin torque (see the trigonometric factors in Eq. 10); this fact can be verified by looking at the junction's resistance and the related errors are minimized when the FL is firmly saturated.
D. Confidence interval and error bars on the temperature estimates
Despite all the precautions taken, the temperatures that can be deduced from the equality between the measured noise (Eq. 17) and the expected noise (Eq. 19) can still be affected by systematic errors. (ii) The second source of error has its roots in the (non magnetic) Johnson-Nyquist noise that can only be partially subtracted by our experimental procedure (III). Its spectral density is 
With our material parameters, Eq. 21 would predict a sensitivity floor of 0.6 V. In practice, spin wave modes could be identified provided of |V dc | ≥ 0.4 V such that we define V d as 0.4 V. Below this, the Johnson-Nyquist noise exceeds too much the voltage noise delivered by the magnetic fluctuations and the evaluation of the temperature is no longer possible. The maximum relative error on the temperature due to the remaining part of the Johnson-Nyquist noise is
Considering our two sources of potential errors, we could enhance the reliability of our method to estimate the temperature. The uncertainty due to the sensitivity function can be lowered by a more accurate layer description than Eq. 2 but this would be at the expense of the analytical character of our method. The uncertainty due to the Johnson-Nyquist noise is not of random nature and could be reduced by a factor of almost 2 by using amplifiers with a lower NF around the frequency of interest. Getting lower noise figure would imply to sacrifice the broadband capability of SWNS that is useful to assign each dispersion curve to its hosting magnetic layer. Longer accumulation times could also reduce .
V. DISCUSSION
The voltage dependence of the sample's absolute temperature (Figs. 5 and 6) can be deduced from the equality between the measure noise of the REF layer (Eq. 17) and the expected noise (Eq. 19), with confidence intervals defined using Eq. 22 and the considerations of IV D. The lower bound of the sample temperature is reported in Fig. 5 for which we have assumed that the power contained in the shoulder of the REF peak [see Fig. 2(c) ] should be ascribed to non uniform spin waves in free layer and hence be discarded. The upper bound of the sample temperature is given in Fig. 6 when the full high frequency peak is integrated. At the highest applied voltages, i.e. when errors are minimal, we find that the injected Joule power of 50 mW/µm 2 it induces a sizable junction heating of 220 to 270 K. We thus conclude that the heating efficiency is in the range of 4.4 to 5.4 K.mW −1 .µ.m 2 , with more confidence in the lowest value of the heating efficiency. We emphasize that our heating efficiency is consistent with anterior independent conclusions that were drawn using alternative methods. Hérault et al.
14 used the exchange bias within in-plane magnetizated tunnel junctions to deduce a heating efficiency of 3.5 KmW −1 .µm 2 . By solving the heat diffusion equations in similar geometries, heating efficiencies of 15 1.4 and 10 5 KmW −1 .µm 2 were predicted and seem to corroborate our finding.
In our two temperature estimation scenarios (Figs. 5 and 6)), we conclude that there is essentially no current-induced heating of the MTJ at the voltages of 0.6 V that are needed for the manipulation of the FL magnetization by STT. This conclusion is important in the sense that it proves that it is legitimate to assume a device temperature of about 300K when applying the conventional methods of analysis of the distributions of STT switching currents and switching fields, as performed in many instances when analyzing the thermal stability in STT-MRAM applications 3, 16 .
Conversely at the higher voltage of 0.9 V i.e. when approaching the junction breakdown, the injected Joule power induces a sizable junction heating of 220 to 270 K. This may impact the breakdown behavior and have some consequences for long term device reliability. However in any cases, the MTJ temperature stays much below 750 K which is the temperature during the CMOS back-end-of-line final annealing. We conclude that normal operation should not induce a material fatigue that is more pronounced than the one occurring during the device fabrication.
VI. CONCLUSION
We have shown that a direct measurement of the absolute temperature of a nano-sized Magnetic Tunnel Junction (MTJ) can be performed using the high frequency electrical noise that it delivers under a finite voltage bias. The absolute temperature can be deduced with a precision of ±60 K. Our method relies on the spectroscopy of the electrical noise that the spin wave population generates though the tunnel magneto-resistance phenomenon in the presence of a biasing current. In practice we perform an analytical treatment of the hard axis field-dependence of MTJ noise spectra. While our method could be used in principle on many types of tunnel junctions, we have illustrated it on perpendicularly magnetized nanopillars that mimic those used in STT-MRAM applications. We find current-induced heating efficiencies of typically 5 Kelvins per mW/µm 2 which is comparable to the values deduced from other classes of methods.
